ABSTRACT
INTRODUCTION
During the Triassic and Early Jurassic, Pangea was characterized by globally warmer temperatures and extreme hydrological conditions. Several paleoclimate modeling experiments have investigated the first phenomenon, past global warming, but only recently has an increasing accessibility to general circulation models (GCMs), which explicitly calculate the hydrological cycle, allowed modelers to present hydrological results. In part, the focus has been directed by an immediate need to understand the processes involved in global warming but, also, most climate models are particularly suited to temperature studies; GCMs can produce realistic likenesses of observed temperature fields but are inherently less accurate at simulating hydrological conditions. The reasons for this are numerous, among the most important being: 1) many variables are required to analyze hydrological conditions, 2) critical hydrological processes act on small spatial scales and give rise to fields with spatial variability that is not resolvable by GCM grid spacings, and 3 ) global hydrological data bases for the modern climate are sparse, making model calibration difficult. Ultimately, these complexities have forced most GCMs to use extremely simplified parameterizations for hydrological processes.
Despite the model limitations, many paleoclimate studies are regularly presenting simulation results for variables such as precipitation, evaporation, soil moisture, and surface runoff. Moreover, model experiments are a necessary step in order to analyze the processes that connect cause (climate forcings) and effect (the geologic record).
In this paper I use a GCM to depict arid regions in the modern climate and to define the locations of Early Jurassic arid zones.
While it is important to consider whether a GCM can help locate specific Pangean environments, the primary purpose of this study is to evaluate the simulated hydrologic fields, as these fields are becoming increasingly available for model/data comparisons. Arid climate depiction presents several advantages for discussing a variety of diagnostics. First, annually averaged results can be used to distinguish arid regions since true deserts are dry year round.
Additionally, modern desert boundaries are easier to define than most other hydrological zones. Arid systems are also less affected by vegetation-atmosphere interactions, thus results presented here are less dependent on the GCM's vegetation scheme. This implies that the solutions may be comparable to observations, while conclusions might apply to a variety of GCMs.
GCM DESCRIPTION AND HYDROLOGICAL PARAMETERIZATONS
The model used for the simulations presented in this paper is the Goddard Institute for Space Studies (GISS) atmospheric general circulation model. This version of the GISS GCM has nine vertical layers in the atmosphere and an 8° x 10° horizontal resolution. It uses realistic topography and a fractional grid system, which allows coastal grid boxes to contain portions of both land and ocean. The GCM solves the conservation equations for mass, energy, momentum and moisture. Radiation equations account for aerosols and trace gases, as well as cloud cover. Clouds are predicted and include both convective and large-scale varieties. The annual results presented in this paper are averaged from full seasonal cycle simulations which included seasonal heat storage and diurnal temperature variations.
Ground hydrology and surface albedo are functions of specified vegetation types, and are discussed in more detail below.
Atmospheric CO 2 was fixed at 1958 levels (315 ppm) for both experiments and current orbital configurations were used. A complete model description and results from the modern climate control experiment are presented in Hansen and others (1983) . Chandler and others (1992) present a detailed description of the Early Jurassic simulations.
Most GCMs employ simple ground hydrology and land surface schemes that promote moisture and heat feedbacks without necessarily recreating the true physical processes. Table 1 summarizes a few of the common parameterizations used in GCMs during the past decade.
Vegetation distributions in these models are represented by variations in ground albedo, while groundwater and soil moisture are represented using constant-depth reservoirs or "buckets" to simulate the water holding capacity of upper ground layers. Groundwater reservoirs and subsurface flow are ignored. Surface runoff occurs when a grid cell's ground reservoir becomes saturated and precipitation exceeds evaporation over that cell. The GISS GCM has a slightly more complex parameterization, using two layers in the ground with water holding capacities that vary by vegetation type and season (Hansen and others, 1984; Hansen and others, 1983) . Vegetation types may be specified from any of 8 categories (Table 2) .
Soil moisture in the GISS-GCM is defined as the time-averaged amount of water residing within the two ground hydrology layers. Moisture exchange from the upper layer takes place via precipitation, evaporation, and surface runoff and water is immediately available for evaporation from the upper layer during all seasons.
In an attempt to mimic transpiration, the moisture of the lower layer is available in vegetated regions only, and only during the growing season (defined as year round, equatorward of 30°; May-August from 30°-90°N; November-February from 30°-90°S). At other times no water escapes the lower layer, although water may still diffuse in from the upper layer. Curiously (and probably incorrectly), the parameterization implies that in desert regions, which are assumed to have no growing season, water can never escape the second layer; a fact which creates a lower limit for desert dryness that is equal to the amount of water initialized in the second layer. Ground albedo is also a function of vegetation type (Table 2 ) and in winter vegetation partially masks the high albedo characteristics of snow.
Surface runoff depends on precipitation rate, as well as absolute soil moisture, in an attempt to represent the lower infiltration rates that exist during downpours. Although more detailed, this scheme does not include realistic physical representations of groundvegetation-atmosphere interactions.
Detailed hydrological schemes, which contain explicit representations of components such as vegetation canopies, rooting depths, soil infiltration, and plant physiology have been developed for use in several GCMs (Abramopoulos and others, 1988; Dickinson, 1984; Pollard and Thompson, 1993, Sellers and others, 1986) . Such schemes should be incorporated as they become available because the added realism allows for process oriented studies. However, more realistic land surface schemes do not necessarily lead to improved climate simulations by themselves. The complex physical processes are not easily scaled to the coarse resolutions of a GCM (Rind and others, 1992) and, for most GCMs, the altered hydrology will require model "retuning" to achieve the best possible modern climatology.
Further studies are required to evaluate whether or not these schemes will be useful for paleoclimate simulations. Many of the required input parameters are difficult, if not impossible, to estimate from the geologic record and the trade-off between increasing process reality and decreasing boundary condition reality has unknown ramifications. A likely benefit of the new schemes is that they should act to encourage detailed investigations of paleofloras and paleosols .
DESERTS: DEFINING ARID REGIONS

Modern Deserts and Their Causes
By most definitions, deserts make up approximately 20%-25% of the present day land surface (excluding Antarctica). Figure 1 shows the modern distribution of arid and semi-arid continental regions as compiled from meteorological data and proxy characteristics. Aridity in these regions results from several factors (see 
Defining Aridity
From a meteorological standpoint, arid zones are defined as regions in which the atmospheric demand for water exceeds the supply.
Thus, direct measurements of hydrological parameters should provide the most definitive and quantitative estimates of aridity in the current climate. The balance of atmospheric moisture can be obtained by differencing the rate of precipitation (P) and the potential rate of evapotranspiration (E p ), with P representing the atmospheric supply of water and E p being the theoretical atmospheric demand for moisture (Thornthwaite, 1948 
where C Q turbulent transfer coefficient V surface wind speed q g specific humidity at ground level q s specific humidity of the atmosphere at 30 meters height above ground.
These values are not monitored at most locations and, when vegetation interactions (particularly transpiration) are included "observed" values of E p are virtually unobtainable. This fact has lead several researchers to derive empirical formulas for the calculation of potential evapotranspiration based on studies of bioclimatic interactions (see Holdridge, 1959; Köppen, 1936; Penman, 1948; Thornthwaite, 1948) . In practice, arid regions generally are identified using more traditionally measured hydrological variables, such as precipitation, evaporation, soil moisture and runoff. Maps of these variables reveal a reasonable degree of correspondence with the location of modern deserts.
ARID REGIONS: GCM RESULTS VERSUS MODERN CLIMATOLOGIES
The diagnostics that are most commonly used to assess continental moisture balance in GCM simulations are: precipitation (e.g. Manabe and al., 1965; Pitcher and others, 1983) , the difference between precipitation (P) and evaporation or evapotranspiration (E) (e.g. Rind, 1984; Shukla and Mintz, 1982; Sud and Smith, 1985; Voice and Hunt, 1984) , soil moisture (S m ) (e.g. Kellogg and Zhao, 1988; Milly, 1992; Rind, 1982; Zhao and Kellogg, 1988) and surface runoff (R s ) (e.g. Rind, 1984; Russell and Miller, 1990 ). More recently, several studies (Delworth and Manabe, 1988; Milly, 1992; Rind and others, 1990) have discussed the use of potential evapotranspiration as a diagnostic variable in GCM experiments, stressing the important distinction between the potential and actual rates of evapotranspiration for evaluating moisture balance. However, these studies also point out some severe problems with using GCM calculated E p values, a matter discussed in detail below.
In the following sections global distributions of the above hydrologic fields are presented for a current climate GCM simulation. Korzun, 1978; Thornthwaite, 1948; Willmott and others, 1985) , which use observed temperature and precipitation to estimate water balances. The global data bases, which represent long-term temporal averages, are referred to as climatologies in the following sections.
Readers should be aware that the difference between hydrological climatologies and true measurements may, at some locations, exceed the difference between climatologies and GCM results, however, there is no way to accurately evaluate the magnitude of the errors. The lamentable state of current global monitoring projects suggests that this will be a problem for many years to come.
Precipitation
Precipitation is the most reliable of the hydrological global
climatologies and the quality of other hydrologic fields relies heavily on the precipitation climatology. The Legates and Willmott (1990) Legates and Willmott, 1990) .
Comparing the observed precipitation rates in figure 2a with the GISS GCM simulated modern precipitation ( Fig. 2b) shows that the 8° X 10° version of the GISS GCM generally reproduces the Earth's major precipitation zones. In particular, the precipitation values over the major deserts are similar to observations, although, the difference map ( Fig. 2c) shows that most arid and semi-arid regions are slightly wetter than observations indicate. Comparing the precipitation results to the distribution of modern world deserts ( Fig. 1) , using a limit of 25 cm of rain per year (0.7 mm/day) to define arid climates (Glennie, 1987) , shows that the GCM simulates aridity in the Sahara, as well as in deserts such as the Peru-Atacama and the Namib, which are downwind of cool ocean currents. The precipitation diagnostic apparently yields a reasonable first-order estimate of the distribution of arid regions. However, pitfalls certainly exist when using precipitation patterns alone.
Precipitation represents only the supply portion of the moisture balance calculation (Glennie, 1987; Rind and others, 1990) and, in GCMs, the moisture supply is typically dependent on parameterizations of convection and cloud formation, which are heavily tuned to the present day climate. In addition to the moisture supply, most climatologists prefer to consider moisture losses (i.e. evaporation, transpiration) when interpreting hydrological patterns from climate change simulations.
Precipitation Minus Evaporation
The evaporation field calculated by the GISS GCM differs from the evapotranspiration climatology of Willmott and others (1985) by approximately the same order of magnitude as did simulated precipitation values (Fig. 3a) . The tendency, in arid regions, particularly, is for the evaporation to balance the overestimated precipitation. Many paleoclimate studies have used the difference between precipitation and evaporation rates (P-E) as a diagnostic for determining patterns of aridity from GCM simulations (Barron and others, 1990; Chandler and others, 1992; Kutzbach and Gallimore, 1989; Voice and Hunt, 1984) . As figures 3b and 3c show, negative P-E values are located, primarily, in subtropical regions and they identify those deserts that lie beneath the large-scale atmospheric subsidence associated the poleward limbs of the Hadley cells.
Nevertheless, difficulties arise when interpreting the GCM P-E fields.
Over continents, GCM evaporation rates (E) are calculated as,
where ß ground wetness factor (1 for saturated soils, 0 for dry soils) Ep potential evaporation
The factor ß is limited by the moisture supply (Hansen and others, 1983 where soil boundary conditions are poorly known.
Soil Moisture
The soil moisture (S m ) climatology shown in figure 4a was calculated using water balance equations that rely on observed precipitation and surface air temperature values (Willmott and others, 1985 Kellogg and Zhao (1988) and Zhao and Kellogg (1988) showed. In their studies, the GISS GCM, Korzun (1978) for use with the NCAR 4.5° x 7.5° GCM (Fig. 5a ), was calculated using river discharge records modified by a "runoff coefficient"; a factor based on observed P-E values.
Although not strictly observational, Korzun's data set provides one comparison for GCM runoff results (Fig. 5b) and evaporation rates as well as the saturation of the ground layer(s). In the GISS GCM runoff is parameterized as,
where W 1 is the water field capacity of ground layer 1 and P is the precipitation rate. Such simple parameterizations, obviously, do not capture the complexity of ground hydrological processes, but they were originally incorporated into GCMs as a means of supplying a reasonable moisture feedback to the atmosphere.
A more appropriate surface runoff diagnostic can be computed based on the aerial extent of drainage basins. Russell and Miller (1990) grouped the grid boxes in the GISS GCM by their locations with respect to drainage basin geography. They then compared the GCM results with the outflow from 33 of the world's largest rivers.
Their comparison shows that, for some basins, the model yields reasonable results; however, R s from the arid climate drainage basins are conspicuously overestimated (Fig. 6 ). (Palmer, 1965; Rind and others, 1990) are commonly used to analyze the intensity of atmospheric moisture deficits over land. They act as indicators of relative moisture availability since they have climatological means that equal zero for the current climate. Such indices calculate moisture balance using the potential rate of evapotranspiration (E p ) rather than the actual rate of evapotranspiration (E a ). Thornthwaite (1948) showed that when moisture is deficient, E a is limited, because plants close their stomatal openings in order to conserve water. This limits E a to some value beneath the true atmospheric demand for moisture. E a is only equivalent to E p (the true atmospheric demand for moisture) over free water surfaces or when water is plentiful in the ground because then evaporation and transpiration are not restricted. The dependence of E a on available moisture suggests, therefore, that the true moisture balance of a region is obtained by comparing E p (demand) with the rate of precipitation (supply).
Since a climate is arid when moisture demand exceeds supply (P-E p < 0) over long periods of time, it would seem simple to compare the GCM simulated P and E p values to define regions of aridity, either in current or paleoclimate settings. Unfortunately, this is not the case. Model calculated values of E p , over continental regions, tend to be much larger than estimated values (Delworth and Manabe, 1988) for reasons which are only recently being addressed (see Rind and others, 1990; Milly, 1992) . Figure 7a shows the simulated precipitation minus potential evapotranspiration (P-E p ) from the GISS GCM current climate control run. The resulting P-E p field indicates that all continental regions should be interpreted as arid. The problem arises because the GCM calculates high gradients between the ground temperature (T g ) and the surface air temperature (T s ), which leads to an increase in the specific humidity gradient (q g -q s ), 
Precipitation Minus Thornthwaite's Potential Evapotranspiration
Although E p values generated by the GCM are not directly useful, potential rates of evapotranspiration can be calculated using the GCM's simulated surface temperature results together with empirical bioclimatic formulas, such as those of Thornthwaite (1948) or Penman (1948) . Willmott and others (1985) employed such a technique, using observed temperature and precipitation fields, to derive their soil moisture estimates, discussed above. In their work they used a modified version of Thornthwaite's (1948) equation: values. An important advantage of using the empirical equation is that E Tp can be derived using only the simulated surface air temperatures as input. This is especially useful since surface air temperatures are considered to be a robust diagnostic field in GCMs.
Differences between the E Tp values and the GCM precipitation field are shown in figure 7b , giving a new estimate of the distribution of arid regions. P-E Tp produces a reasonably good estimate of the distribution of aridity, showing dry conditions in all of the major deserts worldwide. The index slightly overestimates the dryness of southern Amazonia and underestimates the aridity of eastern Africa, both of which are caused by inaccuracies in the simulated precipitation rates over those regions. The P-E Tp field also predicts drier than observed conditions in the southeastern United
States and in the Congo.
Although this technique is widely used for hydrological studies of the modern climate, rarely is it used in paleoclimate experiments.
Advantages of the technique for paleoclimate model/data comparisons include an ability to successfully depict modern arid regions, a basis on fundamental meteorological principles, and the chance to calculate GCM moisture balance while largely circumventing the dependence on simplistic ground hydrology parameterizations.
ARID REGIONS: GCM RESULTS FOR THE EARLY JURASSIC
The expansion of desert regions into tropical and mid-latitude zones during the early Mesozoic is a climatically dramatic event. Of course, regions of aridity have changed, both in their expanse and in their distribution, throughout geologic time and even within human history.
Modern deserts are subject to large-scale moisture fluctuations over periods of only a few thousands of years (Glennie, 1987; Lézine and others, 1990 ) and, on slightly longer time scales, lake levels, dune development, and fossil pollen reveal that rainfall amounts oscillate significantly in association with orbital variations (Nicholson and Flohn, 1980; Street-Perrott and Harrison, 1984; Kutzbach and Street-Perrott, 1985) . However, during the past 200 million years, the geologic record indicates no desert expansion has been as extensive as that which occurred in the Triassic and Jurassic. A supercontinental configuration increases the distance to moisture sources and enhances aridity, but, as Hallam (1984) points out, the greatest latitudinal expanse of evaporites occurred well after Pangean break-up had begun. Rind and others (1990) And yet, the proxy data do provide a means of validating numerical climate simulations thus they are indispensable for studying changes in the Earth's hydrological system.
A summary map of paleoclimatically significant, Early Jurassic sediments are shown in figure 8 . The first-order hydrologic framework of Pangea is apparent; wet climates in eastern Pangea are attested to by extensive peat deposition (Parrish and others, 1982) , and arid environments in western Pangea are delineated by evaporite (Gordon, 1975) and eolian deposits (Hallam, 1975; Kocurek, 1988) . Several GCM simulations have shown that the basic hydrological structure reflected by the geologic data can be reproduced by numerical models (Chandler and others, 1992; Kutzbach and Gallimore, 1989; Moore and others, 1992; Valdes and Sellwood, 1992) . It can also be shown, however, that discerning even firstorder hydrological regimes depends greatly upon the definitions applied. The following section reviews the hydrologic results from an Early Jurassic simulation conducted using the GISS GCM. The primary boundary conditions used in the experiment are presented in figure 9 , detailed descriptions are available in Chandler and others (1992) . Figures 10-12 show the distribution of hydrological characteristics for the Early Jurassic simulation, similar to those discussed previously for the modern climate. It should be apparent from the following section that developing the capability to distinguish regional hydrological characteristics from paleoclimate simulations will require a selective and informed approach to analyzing GCM results.
EARLY JURASSIC GCM SIMULATIONS: HYDROLOGICAL RESULTS
The most striking aspect of the precipitation field from the Early Jurassic simulation (Fig. 10a) is the low rate of precipitation that exists over western Pangea in low and middle latitudes. Because evaporites and eolian dune deposits ( phenomena that are below GCM resolution (Chandler and others, 1992) .
Differencing the precipitation and evaporation fields yields a very poor representation of the sedimentary deposits, underestimating the extent of continental desert. As explained for the modern climates, the GCM formulation for evaporation does not allow evaporation to exceed precipitation in the absence of soil moisture, thus negative values of P-E are impossible over the continents for a model in equilibrium. Only coastal grid cells, which in the GISS GCM are defined to contain a fractional amount of ocean, have unlimited moisture availability for evaporation and can, therefore, have negative P-E values (Fig. 10b) .
Soil moisture contours from 10 to 50 mm and surface runoff contours between 0.1 and 0.5 mm/day, which correctly define modern desert distributions, compare qualitatively to Early Jurassic aridity indicators in low latitude western Pangea ( Fig. 11a and 11b) . Again, the central interior of northern Pangea is probably drier than indicated considering the peat deposits found in that zone, mirroring a problem found with most of the hydrological variables over this region. Simulated Early Jurassic soil moisture and surface runoff values are, however, strongly controlled by the specified boundary conditions. Altering Pangea's vegetation characteristics, from those used in the original Jurassic experiment (see Fig. 9d ) to a uniform grassland vegetation type, changes the specified water field capacity of the ground (Table 2 ) and leads to a marked shift in the simulated soil moisture contours (Fig. 11c) . Consequently, the usefulness of soil moisture and surface runoff in paleoclimate experiments is limited by the accuracy of the specified ground hydrology/land surface boundary conditions. The Pangean P-E p results are no more useful than they were for the present day; the entire supercontinent appearing arid by this definition (Fig. 12a) . Finally, Early
Jurassic P-E Tp values (Fig.12b) The GCM assumes that all surface runoff returns to the ocean (an infinite source and sink for water in the model). This parameterization is reasonable only for rivers that do not exchange significant amounts of water with aquifers or with the atmosphere prior to reaching the ocean. In some systems that is clearly not the case; for example, the White Nile loses approximately 60% of its water through evaporation in swamplands upstream from the city of Khartoum (Chan and Eagleson, 1980) and continental interior basins lose water solely through evaporative processes. If not included in the moisture balance for "downstream" grid boxes an important aspect of regional water supplies may go unaccounted for.
To test the importance of this distinction the moisture balance for the interior of northern Pangea was reexamined (Fig. 9) . Perhaps not coincidentally, this region is the only area in the reconstruction of Pangean continental topography surrounded entirely by grid cells containing higher elevations. In the GCM such a location is the equivalent of an interior drainage basin.
An estimate of the water that would collect in such a basin can be made by summing the surface runoff over all grid boxes of the interior drainage basin, Rsdb , then dividing by the area of water
In this case the region of water accumulation is defined as those grid boxes containing major peat deposits. Defined thus, the area of accumulating water is enormous ( Aib = 3.33 x 10 12 m 2 , or roughly 75% the size of the U.S.). Since it is assumed that the water covers that entire region uniformly the value obtained should represent a minimum depth. Subgrid-scale topographic highs and lows would allow ponding in some localities but, in order to explain the peat accumulations, it will be enough to determine whether or not northcentral Pangea could have sustained swampy conditions. Thus, the above equation provides a minimum estimate of the total amount of water that would be available, per day, to the peat depositional environments of northcentral Pangea. (Fig. 15a) . Even if the values are normalized to account for the large land area being drained (compared to the smaller, present day continental drainage basins), the northern Pangean river outflow would still be comparable in magnitude to the outflow from major basins of the present (Fig. 15b) the future, and it will be important to be selective, as well as inventive, in our analyses of simulated hydrological characteristics.
In addition, the need for quantitative paleohydrological data must be stressed if we hope to advance our understanding of past climate processes to new levels of detail. Soil moisture parameterizations for some of the more commonly cited general circulation models which have been in use during the past decade (modified from Kellogg and Zhao,1988) . Table 2 .
Vegetation types used in the GISS GCM. The GISS GCM uses vegetation to define certain ground characteristics such as soil water holding capacity and surface albedo (from others, 1983 and Matthews, 1984) . Glennie, 1987; Rasool, 1984; and Greeley and Iversen, 1985) . Simulated versus observed annually averaged runoff from four of the Earth's major, arid climate rivers (after Russell and Miller, 1990) . The GCM's calculated river runoff is higher than observed values because, in the model, precipitation rates over arid regions are overestimated, runoff is not allowed to re evaporate, and because runoff is not allowed to recharge downslope ground hydrology layers. Early Jurassic simulation having uniform grassland-type (see Table 2 ) vegetation cover. 
